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Available online xxxxThis study investigates the ignition characteristics of pulverised coal, biomass and co-ﬁring by use of a visual drop
tube furnace (VDTF) and a high speed imaging technique. Three coals (anthracite, a bituminous coal and a lig-
nite), four biomasses (Pine, Eucalyptus, Olive Residue and Miscanthus) and various biomass-coal mixtures
were tested. With each coal, biomass or their mixture, a distinct ﬂame was established within the VDTF through
the continuous feeding of the fuel under the environment of air and at a furnace temperature of 800 °C. To ob-
serve the ignition point, a Phantom v12.1 high-speed camera was used to capture the videos of fuel combustion
at 500 frames per second (FPS). A technique was developed usingMATLAB's image analysis tool to automate the
ignition point detection. The results of the image processingwere used to statistically analyse and determine the
changes to the ignition behaviour with different fuels and co-ﬁring ratios.
The results obtained with the tested coals have shown that the distance to ignition increases as the coal volatile
matter content decreases, whereas the opposite trend was found for the biomass fuels. Further, the addition of
biomass to the anthracite signiﬁcantly reduces the distance to ignition but a much less pronounced effect on
the ignition was found when biomass was co-ﬁred with the bituminous coal or lignite. The synergistic effect
on the ignition of biomass-anthracite mixture is mainly attributed to the high volatile content and the potential
effects of catalysis from the alkali metals present in the biomass. The results of this study have shown that the
VDTF testing coupled with the image analysis technique allows for an effective and simple method of
characterising ignition behaviours of pulverised coal, biomass and their mixtures.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
Pulverised fuel particle
Ignition distance
Combustion image analysis
Visual drop tube furnace
Biomass co-ﬁring with coal1. Introduction
Visualising combustion using imaging techniques is a simple non-in-
trusive method that can reveal combustion characteristics of individual
pulverised fuel (PF) particles and PF burner ﬂames [1,2]. This is usually
realised by recording the combustion events occurring in a transparent
furnace or through the transparent observation windows of a non-
transparent furnace using a high frame rate video camera [2,3,4]. Post-
processing and statistically analysing the captured images can deter-
mine the ignition behaviours of pulverised fuel particles, ﬂame size,
shape and stability. The use of transparent furnaces to observe particle
ignition/combustion is not new as there are a number of previous pub-
lications in this ﬁeld [1–3,5], however, image capture is not limited to
this type of set-up as imaging techniques encompass a variety of appli-
cations - from laboratory scale single particle tests [6], to plant-scale
ﬂame observation [4,7–9]. Levendis et al. [2] used high speed imaging
techniques to observe single particle combustion for coal and sugar-
cane-bagasse using a drop tube furnace with a viewing window. Their. This is an open access article underresults speciﬁcally demonstrated the technical feasibility of high speed
video capture in a combustion environment. A similar study by Zhang
et al. [3] focused onmeasuring the change in combusting particle veloc-
ity as it travelled through the furnace. As with the study of Levendis et
al. [2], a standing ﬂame was not generated in the test conditions of
Zhang et al. [3]. González-Cencerrado et al. [9] successfully used high-
speed imaging to characterise the ﬂame behaviours of a 500 kWth
swirl burner co-ﬁring coal and biomass in terms of ﬂame brightness,
ﬂuctuation amplitude, distribution symmetry, and oscillation frequen-
cy. Matthes et al. [4] demonstrated the on-line measurement capability
of a high-speed camera set-up in a standing ﬂame environment with a
1 MWth multi-fuel swirl burner. Molcan et al. [8] characterised biomass
and coal combustion using a 3 MWth test facility equipped with a low-
NOx burner. An optical probe was positioned adjacent to the low-NOx
burner to measure the ﬂame temperature proﬁle using two-colour py-
rometry. Although a standing ﬂamewas observed in [4,8,9], the relative
magnitude of the set-up incurred signiﬁcant testing time and cost. Thus,
it would greatly reduce cost and save time if the study on the ﬂame/
combustion behaviours of PF fuels, whether coal, biomass or their mix-
tures, is carried out with a laboratory-scale furnace that can produce a
propagating ﬂame without the use of a burner. In addition, literaturethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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been applied to the study of a distinct ﬂame established through the
continuous fuel feed without the use of a burner on a laboratory scale
furnace such as a drop tube furnace which has been widely used for
the ignition studies of PF particles [1,2,5]. A study by Levendis et al.
[10] in 1998 already demonstrated the feasibility of such a set-up to ob-
serve combustion using high-speed cinematography.
Co-ﬁring has become increasingly prevalent in power plants as a
means to introduce biomass into the fuel mix, and plant operators can
receive ﬁnancial subsidies for doing so, without the higher capital in-
vestment of undertaking a full conversion to burn biomass exclusively.
In being able to predict the ignition of fuel blends, plant operators
could envisage the risks of mill ﬁres when the fuels are co-milled, and
on ﬂame stability and potential ‘blow-back’ for safe boiler operation
[7,11]. A study by van de Kamp and Morgan [12] highlighted the
trade-offs that needed to be considered when choosing a co-ﬁring fuel
and the mixture ratio with coal. Although the study was carried out in
1990′s, the core issues identiﬁed such as grindability, slagging, fouling
and emission trade-offs are still relevant to the current co-ﬁring prac-
tices in power plants. Based on the ﬁndings in literature [13], it was
hypothesised that the distance to ignition, or stand-off distance, would
not correlate directly to the proportion of each fuel that was mixed, in
so-called ‘additive’ behaviour. Rather, amore complex synergistic inter-
action would occur where, for example, a small addition of biomass to
coal would cause a disproportionately large reduction in distance to
ignition.
Predicting the ignition behaviour of co-ﬁring fuels is not simple, as
has been found with investigations on the combustion and ignition of
blended coals [7,8,14]. Coals with the same proximate analysis may
not necessarily have the same ignition andﬂame stability characteristics
because the ignition depends on early heat release and not on early vol-
atile release [7]. Co-ﬁring on the other hand can result in a shift of the
ignition andburnout to lower temperature regions due to the rapid evo-
lution of volatiles from biomass [15]. Moon et al. [15] found that an ad-
dition of 10% biomass (blending ratio based on weight) to a low-rank
sub-bituminous coal resulted in a signiﬁcantly enhanced ignition reac-
tivity of the low rank coal. Therefore, the change in the ignition behav-
iour when blending biomass and coal can be related to two possible
causes: either the change is due to the biomass volatile release and igni-
tion triggering the coal to ignite at a lower temperature [15], and/or by
relating to the role of alkali metals in the biomass ash, which can catal-
yse the combustion process [16].Fig. 1. Visual Drop Tube Furnace with a long viewing window (left) and video capture sThis paper describes how the Visual Drop Tube Furnace (VDTF) was
utilised to characterise the ignition and combustion behaviours of bio-
mass and coal, both individually and in various ‘co-ﬁring’ combinations.
Experiments were conducted using the VDTF system that has two
water-cooled probes used for continuous feeding and collection of fuel
and ash respectively. Although the quartz glass furnace can only be
heated to a maximum temperature of 1050 °C, it allowed for the visual
observation of the combustion process through a long quartz viewing
window. The captured high-speed videos were post-processed frame-
by-frame using MATLAB's image analysis tools to statistically describe
ignition point ﬂuctuation. To the best of our knowledge, this particular
method of automating ignition point analysis has not been reported in
literature, especially in the context of solid fuel combustion ﬂames
established by continuous fuel feeding, rather than by a burner, in a lab-
oratory-scale combustion furnace such as a drop tube furnace.2. Methodology
2.1. Apparatus
2.1.1. Visual drop tube furnace
To observe the particle combustion processes, a Visual Drop Tube
Furnace (VDTF) was specially designed and manufactured. The VDTF
is a vertically oriented laminar ﬂow reactor consisting of a transparent
quartz work tube that has a 50 mm internal diameter, a 5 mm thick
wall, and is surrounded by heating elements throughout its heated
length (1000 mm) (see Fig. 1 for the photographs of the VDTF setup
and Fig. 2 for the VDTF schematic). A long viewing window
(560 mm × 30 mm) is located parallel to the work tube orientation
and is positioned at themid-section of the furnace assembly. Pulverised
fuel particleswere continuously injected at amassﬂow rate of 1.2 g/min
through awater-cooled feeder probe using air as a carrier gas at 1 L/min.
The collector probe was also water cooled to quench the fuel particles
after passing the ‘hot combustion’ zone. Secondary air at 5 L/minwas in-
troduced at the top of the furnace, co-axially with the primary air from
the gap between the innerwall of thework tube and the externalwall of
the feeder probe. In addition, the ﬂowrate setting for the vacuum pump
wasmatched to the total inlet gas ﬂow. This ﬂow set-up results in a low
Reynolds number throughout the length of the work tube. The laminar
ﬂow condition ensures that pulverised fuel particles are entrained by
the gas ﬂow and travel in a narrow stream along the centre axis of theet-up showing Phantom V12.1 high speed camera with 105 mm Nikon lens (right).
Fig. 2. Schematic of the vertically oriented VDTF: camera is positioned adjacent to the viewing window and tilted at a 90° angle to enable the use of the longer resolution width of the
camera sensor. This maximizes the captured area of the required lengthwise ‘active’ combustion zone.
3A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11furnace. The particles are fed via a vibrating plate channel feeder as it
provides precise control at low feed rates for solid particles.
The tests described in this paper were carried out at a set furnace
temperature of 800 °C with the feeder and collector probes set at a sep-
aration distance of 530 mm. The actual reaction temperature between
the two probes remained close to the VDTF set temperature at 785 °C
with a maximum deviation of ±5 °C, indicating the fuel combustion
zone is close to isothermal.Table 1
Proximate and ultimate analyses and high heating values (HHV) of the tested fuels.a
Chinacite El Cerrejon
Proximate analysis Moisturear 1.3 2.3
Volatilesdb 8.4 37.5
FCdb 86.5 52.5
Ashdb 5.1 10.0
Ultimate analysisb (db wt%) C 87.7 72.2
H 3.2 4.8
N 1.3 1.5
S nd 2.4
O 2.7 9.1
HHV (MJ kg−1 db) 34.91 29.62
a Legend: ar = as-received, nd = not detected, db = dry basis, daf = dry ash free.
b Oxygen determined by difference.2.1.2. High speed camera
The ignition point and combustion ﬂame, which can be observed
through the quartzwindow in the furnace, were captured using a Phan-
tomv12.1 high-speed camera (Figs. 1–2). The camerawas set to capture
the longitudinal 560mmx30mm area of the viewing window with the
lens level and adjacent to the ignition point location. The video resolu-
tion (width) was minimised where possible by only capturing the win-
dow area of the VDTF to reduce image processing time and storageLignite Pine Eucalyptus Olive residue Miscanthus
8.2 4.4 5.9 6.2 7.1
56.9 83.8 88.3 71.5 68.6
36.4 15.6 8.7 16.1 23.6
6.7 0.6 3.0 12.4 7.8
62.5 48.0 48.7 45.9 45.2
4.8 5.9 5.7 5.7 5.8
0.8 0.2 0.2 2.1 1.0
nd nd nd nd nd
25.2 45.3 42.4 33.9 40.2
24.77 20.04 20.67 18.39 17.98
Video Capture Using Phantom
V12.1 Camera
File format: *.cine
Conversion of cine video to
*.avi using Cine Viewer
File format: *.avi
Splice video into separate
images
File format: *.png
Threshold Settings
Image Analysis
Obtain threshold
levels values
Convert into binary images
File format: *.png
This stage is
bypassed once the
threshold levels
values are
establishedAverage binary intensity and
ignition front plot
Results:
1. Ignition Point Fluctuation Box 
Whisker Plot  
2. Average Intensity Plot 
Comparison 
Fig. 3. Diagram of the method used to analyse the captured high speed video from the
Phantom v12.1 camera. Steps using MATLAB functions and macros are in bold text
while the ﬁle formats used for the different stages are in italics.
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used for the ignition point tests because observing the full length of
the furnace/ﬂamewas of interest. The videowas captured at 500 frames
per second with a resolution of 1280 × 152 pixels. All video ﬁles were
stored in a raw grayscale format.
2.2. Fuel preparation
A number of biomass fuels and coals were included in this study to
represent the types of fuel used in the UK power generation industry.Feeder Probe
Flow direction
(a)
(b)
Fig. 4. (a) Schematic showing ﬂow orientation (feeder probe to collector probe)The proximate and ultimate analyses of these fuels are enumerated in
Table 1. The fuels were pulverised using a planetary ball mill before
being sieved. A size fraction of 75–106 μm was used for both biomass
and coal in the VDTF ignition tests. The narrow range allows for better
mixing of the fuels for co-ﬁring tests as well as giving optimal fuel
feed ﬂow by the vibrating plate feeder.
2.3. Image analysis
The video ﬁle captured by the high-speed Phantom camera is in a
*.cine format which is a proprietary ﬁle format used by the Phantom
Cine Viewer software [17]. An overview of the implemented technique
for analysing ignition distance andﬂuctuation over time is shown in Fig.
3. This highlights all of the MATLAB image post-processing functions
and macros used. The primary aim is to convert the cine video ﬁles
into a useful format that can then be quantitatively analysed. MATLAB
was determined to be ideal for image analysis due to available features
that can be implemented as automated macro functions. After
converting the *.cine ﬁles into a *.avi format (built-in conversion tool
from Cine Viewer software [17]), a splicing macro is used to extract
the video frames into separate image ﬁles (*.png format). For the igni-
tion point testing, a sample rate of 500FPS with a resolution of
1280 × 152 pixels was used, which means that for a single second re-
corded, 500 images can be generated using the splicing macro.
The threshold values of the images are analysed for conversion of the
greyscale format (Fig. 4) into a black and white (B&W) image (Fig. 5).
The threshold value is used as a base point whereby pixels below the
chosen threshold is given a value of 0 = black and the rest of the pixels
are given a value of 1 = white. The same threshold value is applied to
the rest of the image analysis process as it serves as a base point for
the comparison ofﬂame ignition point andﬂame intensity for the differ-
ent fuels. This is why the experimental lighting conditions are kept the
same along with the camera settings such as exposure time & FPS for
all the test cases.
The intensity levels (low& high limits) aremanually adjusted until a
threshold level is found which ﬁlters the glow from the ﬂame. The
resulting binary image from Fig. 4b is shown in Fig. 5 andwas generated
by setting a threshold level of 0.12. This value provided the best thresh-
old level as it reﬂects the point of ignition clearlywhilst at the same time
suppressing the “glow” effect around the ignition point. This image was
then used as a benchmark to create amacro to automate this process for
the rest of the image frames generated from the video. The global image
thresholding function in MATLAB that changes grayscale images into a
binary format was developed from the method by Otsu [18].
The distilled image is used in evaluating the ignition point as it sim-
pliﬁes pixel variation into two binary values: 1 for white and 0 for black
pixels. The levels obtained provide a clear threshold to detect the ﬂame
ignition point and at the same time represents the ﬂame intensity. Bina-
ry image analysis has been employed in multiple video detection appli-
cations. One such example is a study by Chen and Bao [19] wherebyCollector ProbeViewing window 
reference line
x
y
and (b) raw image frame for the combustion of 75–106 μm pine particles.
Fig. 5. Result of converting the grayscale image in Fig. 4b to a binary image using im2bw function with a threshold level of 0.12. The image is from the combustion of 75–106 μm pine
particles.
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convert images into a binary format. This allows for extracting data
such as ﬂame length and amplitude much more easily than that of a
grayscale image. It also gives back data such as the size of the ﬂame,
which can be determined by the number of white pixels found in a sin-
gle image frame. The binary imagemakes the ﬂame edges clearly distin-
guishable, and it is this property which is then exploited to help deﬁne
the ignition point of an observed ﬂame.
The ignition point can therefore be quantiﬁed by measuring the dis-
tance from the feeder edge of the image to the ﬁrst non-black pixel. This
can be done by tracking the pixel intensity value along a line
(superimposed on the binary image) through the improﬁle function in
MATLAB. The ﬂame front ﬂuctuates both in the axial and radial location
with time as the ﬂamewas not stabilised on a burner but generated and
sustained by the continuous feeding of the fuel particles, and therefore
this variation of the ﬂame front needs to be taken into account with
the image analysis. Thus, a custom function that allows for integration
along the whole width of the image is used. The resulting intensity
plot for the binary image in Fig. 5 is shown in Fig. 6 whereby the inten-
sity value lies between the arbitrary value of 0 and 1.
The result obtained from averaging the intensity across the image
width is then incorporated into an automated macro which processes
the rest of the converted binary images for a speciﬁc experimental
run. The result for each image is analysed and is then compiled to create
a time-averaged binary intensity plot which better reﬂects the ﬂame
characteristics observed from the original high speed footage. This also
includes a function to determinedistance of the ignition front (in pixels)
from the left hand side of the image. The ignition distance is recorded as
the ﬁrst non-zero intensity value. For example in Fig. 6, this is recorded
as 600 pixel units from the start of the image (on the x-axis direction).
The pixel distance is then converted into mm (0.3 mm per pixel) and
is subsequently presented in this format. A pixel measurement tool
was used whereby the width of the viewing window gap is used as a
basis for calibration for the pixel to mm conversion.
By averaging the results from all of the captured frames, the ﬂuctua-
tion of the ﬂame intensity and the movement of the ignition point are
better quantiﬁed through a graphical presentation. This also automati-
cally averages out the outliers whereby single white pixels that are0 200 400 600
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Fig. 6. Single frame averaged intensity plot (alonobserved prematurely and far from themain ﬂame front do not register
as a point of ignition.3. Results and discussion
3.1. Comparison on the ignition distance of different coals
The distance between the feeder probe and the detected point of ig-
nition for the fuels, termed as the distance to ignition, is used as the
main characteristic parameter for the ignitibility of the tested fuels in
this study. The exact value of the distance to ignition of each fuelwill de-
pend on not only the fuel properties but also other test conditions such
as the fuel particle size and the furnace temperature. Under the same
controlled test conditions, however, the values of the distance to igni-
tion obtained should correctly reﬂect the ignitibility of the tested fuels.
With the selected furnace temperature (800 °C) and the particle size
range (75–106 μm), all of the ignition points of the tested coals, bio-
masses and their mixtures fell within the long viewing window section
on the V-DTF and hence enabled all test cases to be video captured with
the high-speed camera.
The results on the distance to ignition of the three tested coals are
compared using a box plot in Fig. 7. The middle of each box represents
the median, the top and bottom of the box represent the third and
ﬁrst quartile, respectively, and the error bars represent the recorded
maximum and minimum distances to ignition after anomalies have
been excluded. The box plot reﬂects the ﬂuctuation of the ignition
point measurement as discussed in Section 2.3.
Amongst the coals investigated, the ignition distance increases with
the Fuel Ratio as expected. Chinacite, an anthracite type of coal, had the
least ignitabilitywith the ignition occurring close to the tip of the collec-
tor probe and hence the very narrow distribution plot compared to the
other fuels being presented. As the lowest rank coal, lignite displayed
the highest ignitability amongst the three types of coal samples. In fact
its ignition distance is comparable to what was observed with the bio-
mass samples tested in this study (Fig. 8). These VDTF results on the ig-
nition distance are in agreement with the ﬁndings of Khatami and
Levendis [1] who had observed longer ignition delays for the high800 1000 1200 1400
de edge of image (pixels) 
g the x-axis) for the binary image in Fig. 5.
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Fig. 7. Distance to ignition of different coals (75–106 μm) at 800 °C furnace temperature.
Fuel Ratio (i.e. the ratio between the Fixed Carbon and Volatile Matter) values for the
coals presented are as follows: Chinacite = 10.30, El Cerrejon = 1.40, Lignite = 0.64.
Table 2
Major ash element content relating to combustion catalysis asmeasured by X-ray Fluores-
cence (XRF).
wt% basis Miscanthus Olive residue Pine Eucalyptus
P2O5 3.7 4.64 4.38 1.72
K2O 17.2 36.5 6.99 6.78
Fe2O3 2.4 1.31 1.60 0.82
HCl nd 3.07 nd nd
MgO 1.8 8.74 9.94 7.96
CaO 8.3 10.09 35.19 42.15
6 A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11rank coals, whilst the low rank coals experienced shorter ignition
delays.
3.2. Comparison on the ignition distance of different biomass fuels
Biomass testing was carried out under the same conditions as the
coal tests where a particle size range of 75–106 μm was used and the
furnace temperature was also set at 800 °C. The high volatile matter
content of biomass meant that the ignition would be expected to
occur nearer to the point of particle injection. Similar to the coal testing,
a box plot is used to show the distances to ignition of the tested biomass
fuels (Fig. 8).
Unlike the observations from the coal testing, the distance to ignition
for the biomass fuel decreaseswith the Fuel Ratio. This is further in con-
trast to previous work by Grotkjaer et al. [20], who asserted that bio-
mass follows the same trend as coal. The inference from [20] was
obtained from the correlation results of three types of biomass (straw,
poplar wood, and eucalyptus).
The observed ignition/combustion characteristics of the biomass
fuels may be attributed to the role of alkali metals present due to their
potential of catalysing the combustion process [16,21–23]. In particular,
potassium has been previously shown to decrease the peak tempera-
ture for volatile combustion [22], and the other major ash elements
have also been found to catalyse the reaction and been shown in the fol-
lowing order from the most to the least active [23]:
PNKNFeNRawNHClNMgNCa100
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Fig. 8. Distance to ignition with biomass fuel (75–106 μm) at 800 °C furnace temperature.
Fuel ratio values for the tested biomass fuels are: Eucalyptus = 0.10, Pine = 0.19, Olive
Residue = 0.23, Miscanthus = 0.34.It can be noted from Table 1 that Olive Residue andMiscanthus have
much higher ash contents than Pine and Eucalyptus, whereas Table 2
also shows that Olive Residue and Miscanthus contain higher weight
percentages of potassium oxides in their ashes than Eucalyptus and
Pine.
The tested biomass fuels were also analysed using TGA under slow
heating rate conditions as this allows for the volatiles release of the
fuels to be compared under thermally controlled conditions (Fig. 9).
The low temperature ramp of 3 °C min−1 ensures that the surface is
not heatingup signiﬁcantly faster than theparticle's core thereby reduc-
ing the temperature difference. Olive Residue and Eucalyptus display
two distinct devolatilisation peaks which relate to the separate decom-
position temperatures of the hemicellulose and cellulose component
[24], whilst Miscanthus and Pine have a more prominent single peak.
The fuels can be ranked in terms of their main (with the highest
wt% °C−1) devolatilisation peak temperature, from the highest to the
lowest:
Pine  EucalyptusNOlive ResidueNMiscanthus
The VDTF test results (Fig. 8) suggest that the biomasses with the
lower peak devolatilisation temperatures, i.e. Miscanthus andOlive Res-
idue, had the shorter distances to ignition, whereas the biomasses (Eu-
calyptus and Pine) which have much higher peak devolatilisation rates
actually had longer distances to ignition due to the peak devolatilisation
rates being reached at much higher temperatures. This ranking is anal-
ogous to the ignition analysis study by Jones et al. [11] which
categorised biomass ignitability based on characteristic (peak) temper-
ature and kinetic parameters. Miscanthus ranked higher than Pine with
respect to general reactivity and thus was categorised as a high risk to
low temperature ignition [11]. The vast magnitude difference in the
heating rates between the TGA and VDTF will conceivably contribute
to the divergence of the physio-chemical effects on combustion as ob-
served in previous studies [24]. TGA combustion tests at low heating
rates have merit in terms of providing indicative ignition behaviours
under high heating rates as demonstrated by Li et al. [25]. It is irrefut-
able, however, that in the VDTF the fuel samples are heated at such a
high rate that the point of ignition does not necessarily occur at the
point of the peak devolatilisation. The start of ignition would be largely
dictated by the diffusion rate of oxygen into the volatile cloud and it is at
this stage that ignition is visually observed. It is expected that some of
the devolatilised alkali and alkaline earth metals would be involved in
catalysing the combustion, resulting in a reduction of the ignition tem-
perature and hence leading to a shorter ignition distance in the VDTF.
3.3. Co-ﬁring analysis
To determine the effects of mixing different fuels on ignition, coal
and biomass were blended and co-ﬁred with different energy ratios.
The same particle size range (75–106 μm) from both fuels ensured the
uniformity of the biomass-coal mixture. It is well documented that par-
ticle size affects the particle heating rate andhence the ignition distance.
As observed byWeber et al. [26], hard coal which was milled to its typ-
ical distribution size (b75um) ignited closer to the burner compared
with the biomass fuels which consisted of particles larger than
Fig. 9. Rates of weight change of biomass fuels when heated in air at 3 °C min−1.
Fig. 11. Mass loss rate comparison of El Cerrejon, Miscanthus and their 50:50 mixture
7A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11250 μm.Similar effects of particle sizes on ignition distancehad been ob-
served with the present experimental setup with the tested coals and
biomass fuels [27]. Both TGA and VDTF tests were carried out to charac-
terise the performance of co-ﬁring the different biomass-coal mixtures.
3.3.1. TGA testing
Fig. 10 shows the TGA combustion rates under slow heating rate
conditions (3 °C/min) for Chinacite,Miscanthus and their 50:50mixture
(on fuel energy (HHV) ratio basis), whereas Fig. 11 shows the TGA com-
bustion test results for El Cerrejon, Miscanthus and their 50:50mixture.
The ﬁrst peak of mass loss for Miscanthus was observed at 250 °Cwhilst
for Chinacite and El Cerrejon these were observed at 475 °C and 450 °C
respectively. The second peak of mass loss observed for Miscanthus at
390 °C was the char combustion. Under slow heating rate conditions,
the 50:50 biomass to coal co-ﬁring mixture, for both Chinacite
(Fig. 10) and El Cerrejon (Fig. 11), shows an additive effect whereby
themass loss rate curve exhibits the combined behaviour of the constit-
uent fuels. Under the VDTF's higher heating rate conditions, there is a
contrast in the behaviour between the two coals when co-ﬁred. Only
the co-ﬁring involving El Cerrejon suggested an additive behaviour as
observed with the TGA tests. This is to be discussed further later in
this section.
3.3.2. VDTF testing
A more diverse range of co-ﬁring energy ratios are investigated in
the VDTF tests. When biomasses are mixed with Chinacite (an anthra-
cite coal), it can be seen in Fig. 12 that the data plots closely ﬁt powerFig. 10.Mass loss rate comparison of Chinacite, Miscanthus and their 50:50mixture when
heated at 3 °C/min in air.trend-lines. Introducing biomass into the fuel mixture results in a rela-
tively large decrease on the distance to ignition. In all of the cases, the
ignition distance lieswithin the relative ignitiondistances of the constit-
uent fuels. The change in ignition is most signiﬁcant for the ﬁrst 25% (on
energy basis) of biomass added,with the Eucalyptus ignition pointmov-
ing over 150mmcloser to the feeder. For themixtureswith biomass en-
ergy contribution at 50% and above, the changes in distance to ignition
are incremental whereby the ignition distance shifting by b50 mm inwhen heated at 3 °C/min in air.
Fig. 12. Chinacite and biomass co-ﬁring ignition performance.
Fig. 13. El-Cerrejon and biomass co-ﬁring ignition performance.
8 A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11all cases. These are the expected effects of co-ﬁring biomass with
unreactive or high rank coals on ignition and combustion as shown by
previous studies [9,15,28].
All four tested biomasses can be seen to exhibit similar effects in
changing the distance to the ignition of Chinacite and biomass mixtures
(Fig. 12), with the Miscanthus, Olive Residue, and Pine showing an al-
most parallel behaviour. This indicates synergistic and non-additive be-
haviour from all of the biomass fuels, and relates to previous
observations in the reduction of ignition temperatures and delay be-
tween volatile and char ignition from co-ﬁring biomass with anthracite
by Riaza et al. [29].
When biomasses are mixed in increasing proportions with El
Cerrejon which is a bituminous coal (Fig. 13), a diminished inﬂuence
of biomass addition is observed compared to the anthracite-biomass
tests. The distance to ignition still decreases as the proportion of bio-
mass increases, from 373 mm with El Cerrejon coal to 219–324 mm
with the 100% biomass. The trend lines R2 values are high (N0.84)
with the exception of coal-Eucalyptus co-ﬁring, which is mainly due
to the distance to ignition for coal-Eucalyptus mixtures remaining al-
most constant regardless of increasing beyond 25% biomass.
The results from the anthracite and bituminous coal co-ﬁring corre-
spond with the ﬁndings by Wang et al. [30] which were based on TGA
testing only. Their observations are comparable to the thermogravimetric100
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Fig. 14. Lignite and biomass co-ﬁburnout and VDTF test results of this study. Wang et al. [30] concluded
that co-ﬁring biomass with anthracite showed a more signiﬁcant posi-
tive synergistic effect on ignition compared to co-ﬁring with bitumi-
nous coal. It was also noted that woody biomass did not have as much
effect as the straw in their co-ﬁring tests. The Miscanthus co-ﬁring
results in this study displayed a similar behaviour whereby a more no-
table impact on ignition was seen in comparison with the woody fuels
tested.
In contrast to the anthracite and bituminous coals, the lignite has a
more similar volatile content to that in the biomasses, and as shown
in Fig. 14, there are no signiﬁcant changes on ignition distance at differ-
ent blend ratios. This is not surprising as the lignite, which had a quite
low moisture content (8.2%, Table 1) when it was tested in the VDTF,
has a distance to ignition similar to that of biomass. The effect of fuel
moisture content on ignition distance was investigated in a parallel set
of tests with pine particles [31] using the same VDTF and high-speed
camera. The results of these tests, not being included in this paper, clear-
ly show that increasing the moisture level increases the ignition dis-
tance and decreases the ﬂame intensity and size. This agrees with the
ﬁndings of Ma et al. [32] who found it took 3.5 times longer to reach ig-
nition temperaturewhen the biomassmoisture contentwas elevated to
25 wt% from 5 wt%.
To ﬁnd the correlation between the combined fuel volatile matter
content and the distance to ignition of the co-ﬁring fuels, the volatile
matter content of the co-ﬁring fuelswas calculated from theweight per-
centage of each fuel in the mixture, as originally determined from the
HHV content of each fuel and its proximate volatile matter content. It
is well known that the volatile yield of a solid fuel at high temperatures
and high heating rates is higher than that of the proximate volatile mat-
ter [33,34]. Nevertheless, the calculated proximate volatile matter con-
tent is used as a correlation parameter for the observed ignition
distance.
Fig. 15 represents the correlation between Chinacite and each of the
biomasses. It can be observed that the co-ﬁring fuel mixture shows an
amalgamation of the behaviour seen separately for the coal and biomass
ignition studies. On the macro-level, there is a general decrease in the
distance to ignition with the volatile matter content, as was observed
with the coal ignition. On the relative micro-scale, there is an increase
in the distance to ignition with the volatile matter content amongst
each of the co-ﬁring energy ratio categories. However, this is only ob-
served when biomass in the mixture is 50% or more.50:50 25:75 100
rgy Ratio 
te
canthus Olive Pine
ring ignition performance.
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Fig. 15. Relation between the volatile matter content of the co-ﬁred Chinacite-biomass mixtures and the distance to ignition.
9A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11In the El Cerrejon co-ﬁring tests, as shown in Fig. 16, a similar trend is
observed; note the change in the volatilematter axis scale. It can be seen
in both Fig. 15 and Fig. 16 that with 25% and higher energy ratios of bio-
mass, the change in ignition distance of coal-Eucalyptus mixtures is the
smallest compared to the other biomass fuels, and in both cases main-
taining an almost constant distance to ignition. Pine and Olive show
similar behaviour with a 20–50mmdecrease in the distance to ignition
each time the biomass energy ratio is increased by 25%. Miscanthus dis-
plays the biggest change after each addition of biomass; after the initial
addition of 25% biomass, the distance to ignition of the coal-Miscanthus
mixture decreases by a further 200 and 100mm in the Chinacite and El
Cerrejon experiments respectively.
Correlations are more difﬁcult to elucidate for the lignite (Fig. 17)
than for the other coals due to the closer proximity of the co-ﬁred
fuels' volatile matter contents. The addition of 25% Pine andMiscanthus
cause an initial increase in ignition distance, followed by a decrease at
higher biomass ratios. The increased variance in ignition behaviour is
possibly attributed to the competition for oxygen between the low
rank coal and the co-ﬁred biomass, as the biomasswould evolve a larger
volatile cloud during the early stage of the combustion process [5].Fig. 16. Relation between the volatile matter content of the co-ﬁre4. Conclusions
The present study has focused on the results obtained when
combusting pulverised coal and biomass fuels, both separately and in
combination, in a Visual Drop Tube Furnace through which a combus-
tion ﬂame established by continuous fuel feeding was observed and re-
corded using a high speed camera. The automated image post-
processing technique implemented to quantify the results has translat-
ed the observed fuel ignition characteristics successfully.
The results of the coal combustion tests have showed that the in-
crease in the distance to ignition are correlated with the decreasing vol-
atile content in the fuel, following the trend of prior research in the area
[1,29]. With the biomass combustion tests, it was found that the dis-
tance to ignition increases with the volatile matter content in the fuel,
an opposite trend to what was observed with the coal tests. The same
ranking of biomass fuels by ignition behaviour was also reﬂected in
the TGA combustion tests under slow heating rate conditions (3 °C/min).
Further, co-ﬁring biomass to anthracite coal has resulted in a signiﬁ-
cantly reduced distance to ignition, which follows a power trend-line
correlation with the biomass co-ﬁring energy ratio. However, a muchd El Cerrejon-biomass mixtures and the distance to ignition.
Fig. 17. Relation between the volatile matter content of the co-ﬁred lignite-biomass mixtures and the distance to ignition.
10 A.C. Sarroza et al. / Fuel Processing Technology 157 (2017) 1–11less pronounced effect on the ignitionwas foundwhen biomasswas co-
ﬁred with the low tomedium rank coals. Co-ﬁring biomass with the bi-
tuminous coal showed a limited additive behaviour, whereas co-ﬁring
biomass with the lignite displayed similar ignition behaviours at differ-
ent biomass co-ﬁring ratios.
The difference in the ignition/combustion behaviour between coal,
biomass and theirmixtures is believed to be related to the different com-
positions and combustion mechanisms of coal and biomass. The syner-
gistic effect on the ignition of the biomass-anthracite mixture is mainly
attributed to the high volatile content and the potential effects of cataly-
sis from the alkali metals present in the biomass [15,16,21,29,30].
From these results of this study, it can be concluded that the VDTF
testing coupled with the image analysis technique allows for an effec-
tive and simple method of characterising combustion/ignition behav-
iour of pulverised coal, biomass and their mixtures.
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